Therapy in glycogen storage disease type Ia (GSD Ia)
Introduction
AAV vectors have been shown to transduce liver and skeletal muscle, and to provide long-term expression of secreted proteins. AAV vectors preferentially transduce hepatocytes in liver following intravenous administration, [1] [2] [3] [4] [5] [6] [7] and transduce myofibers in skeletal muscle after local injection. 6, [8] [9] [10] Indeed, a sustained, therapeutic response to factor IX expressed from an AAV vector was observed in hemophilic mice and dogs after liver-targeted delivery. 2, 5 In the canine model for hemophilia B, therapeutically relevant levels of canine factor IX were produced with an AAV vector in liver 2 or muscle, 10 and a partial correction of hemophilia was observed for over 5 months. These preliminary results justified a phase I clinical trial for AAV vector-mediated gene therapy in hemophilia B, which showed evidence of factor IX expression and decreased bleeding following muscle-targeted vector administration in hemophiliacs. 11 GSD Ia is a classic inherited disorder of metabolism with life-threatening complications, first described by von Gierke in 1929 as 'hepato-nephromegalia glycogenica ' . 12 The cause of GSD Ia is deficiency of glucose-6- phosphatase (G6Pase), a key regulatory enzyme in glucose production from glycogen. This defect prevents the conversion of glucose-6-phosphate to glucose, with secondary accumulation of glycogen and fat in tissues. 13 The metabolic consequences of G6Pase deficiency are hypoglycemia upon fasting and excess production of lactic acid from increased glycolysis. Patients with GSD Ia typically present with hypoglycemia and seizures at a few months of age, and develop long-term complications of hypertriglyceridemia, growth failure, renal dysfunction, gout, osteoporosis and hepatic adenomas that can degenerate to hepatocellular carcinoma.
14 Pulmonary hypertension and early-onset atherosclerosis have been reported. [15] [16] [17] Thus, GSD Ia is a severe, multisystem disorder that results in significant morbidity and mortality.
Prior to the development of current nutritional treatment, many patients with GSD Ia died, and the prognosis was guarded in those who survived.
14 Long-term complications of treated GSD Ia include short stature, gout, osteoporosis, hepatic adenomas and renal dysfunction. 14, [18] [19] [20] [21] [22] Current nutritional therapy for GSD Ia consists of sufficient carbohydrate supplementation, either by uncooked cornstarch or continuous glucose infusion, to prevent hypoglycemia. Uncooked cornstarch, dosed 1.5 to 2.5 gm/kg every 4 to 6 h, provides a slow-release form of glucose supplementation. However, treatment in infancy can require continuous nasogastric tube feeding of glucose due to starch intolerance. These treatments have improved the outcome of GSD Ia. However, neither treatment prevents hypoglycemia and lactic acidosis entirely, and nasogastric feeding has the accompanying risk of life-threatening equipment failure.
14 Biochemical monitoring of 17 children and young adults who were treated with nutritional therapy for GSD I demonstrated early morning hypoglycemia (24%) and elevated lactic acid (88%), despite compliance with cornstarch treatment. 18 Hence, current nutritional therapy for GSD Ia is inadequate to prevent immediate and long-term complications of this disorder.
A Maltese canine model for glycogen storage disease type Ia has been described by our group, [23] [24] [25] and its pathologic manifestations are equivalent to severe GSD Ia, in humans. The clinical presentation of GSD Ia in Maltese puppies was typical for untreated GSD Ia, including lethargy, coma, and early death. 23 Postmortem examination revealed hepatomegaly, nephromegaly, and hepatic glycogen accumulation. The diagnosis of GSD Ia was confirmed biochemically on the basis of deficient G6Pase in liver. 23 The causative mutation was a G to C transversion at bp 450 in the G6Pase cDNA. 24 The missense mutation changed methionine to isoleucine at codon 121, a position that was conserved across 4 species, and decreased G6Pase activity over 10-fold in transfected COS-7 cells. 24 Initial biochemical and histopathological characterization of the canine model for GSD Ia showed a close resemblance to the human disorder, and further clinical evaluation in canine GSD Ia confirmed its similarity to human GSD Ia. 25 We report the administration of AAV vectors encoding G6Pase to three affected dogs early in life. Delivery of G6Pase by transduction of cells in liver with AAV vectors was a logical choice in GSD Ia, where liver expression would be therapeutic based on the biochemical effect of liver transplantation in GSD Ia patients. 14, 26 Fasting glucose was measured on the day of vector administration, and every 2 weeks subsequently. Other biochemical parameters were monitored in parallel, including blood cholesterol, triglycerides and lactic acid. Liver G6Pase and glycogen content were analyzed, as was vector DNA in the liver. The results of this study demonstrated a beneficial effect of AAV vector administration on blood glucose and other biochemical abnormalities by liver-targeted G6Pase expression in canine GSD Ia.
Results
An AAV vector encoding canine G6Pase was administered intravenously to three affected puppies on day 3 or 4 of life (Table 1; Figure 1 ). Fasting glucose levels nor- malized for two puppies (V4 and P3) ( Figure 2 ). Fasting studies for one of these animals (P3) also revealed correction of fasting cholesterol, triglycerides, and lactic acid after 8 weeks of age. The observation of normal values for these fasting blood measurements was dramatic, compared with untreated, affected puppies. Liver G6Pase and glycogen content were analyzed for affected puppies following AAV vector administration (Table 1) , and compared with values for the untreated affected control (D3), as well as affected Maltese puppies previously reported (Figure 3a and b) . 23 The liver G6Pase activity was significantly increased (P Ͻ 0.05 by the two sample t test) and liver glycogen content was significantly reduced (P Ͻ 0.02 by the two sample t test) for affected puppies following AAV vector administration, compared with untreated, affected puppies (Figure 3a and b). Normalized liver G6Pase was increased for affected puppies following AAV vector administration (P = 0.038) and for unaffected carriers (P = 0.043) compared with the untreated, affected control (Tables 2 and 3 reflected a high level of tail-to-tail concatamers (4.4 kbp fragment, Figure 4a and b). Uncut liver DNA showed higher molecular weight vector DNA in V4 and P3, consistent with concatamerization of AAV vector DNA. The signal for vector DNA was absent for the affected, untreated control (D3) in BamHI, EcoRI, and uncut DNA samples (Figure 4a and c) .
Vector DNA analysis unexpectedly showed intraindividual variation in the level of vector DNA within liver DNA (Figure 4c ). The signal for vector DNA digested with EcoRI (1.7 kbp) was normalized to a genomic signal (4 kbp), and quantitated versus a standard curve. The normalized vector DNA quantitation ranged from the limit of detection (0.3 copies/cell) to approximately 5 copies/cell. Vector DNA was detectable in all liver DNA samples at 5 and 11 weeks following vector administration (V4 and P3). No vector DNA was detected in multiple samples for the untreated, affected control (D3). The increased double-stranded vector DNA at 5 and 11 weeks (V4 and P3), compared with 2 weeks (P2) was consistent with increased double-stranded AAV vector DNA at later times following AAV vector administration. 27 Histological evaluation of liver sections from each dog liver showed staining of glycogen and lipids. Periodic acid-Schiff (PAS) staining revealed decreased liver glycoGene Therapy Table 1 and as previously reported. 23 Three affected puppies received AAV vectors (Table 1) . Affected, untreated controls (n = 3) include two affected puppies previously reported, and normal controls were previously reported. 23 14 The affected, untreated control had the highest degree of staining for lipid (Figure 5f ), whereas gene therapy with AAV vectors decreased lipid accumulation at 2, 5 and 11 weeks following vector administration (Figure 5d-f) . The liver for an affected dog at 11 weeks following AAV vector administration had the greatest decrease in lipid accumulation compared with the affected, untreated control (Figure 5e versus f) . PAS staining revealed a similar trend of decreased glycogen in affected canines following gene therapy (not shown).
Discussion
We have demonstrated a potential benefit of AAV vectormediated G6Pase delivery in the canine GSD Ia model by biochemical correction of fasting glucose, cholesterol, triglycerides and lactic acid. Decreased cholesterol and triglyceride levels in blood correlated with decreased glycogen and lipid accumulation by histological analysis in liver at 11 weeks after vector administration. Affected GSD Ia canines had increased G6Pase and decreased glycogen storage following liver-targeted G6Pase delivery with AAV vectors. AAV vector DNA was present in liver Table 2 Normalized liver G6Pase for three groups of canines DNA at 1 to 5 copies/cell from 6 weeks following vector administration, and G6Pase expression persisted for the duration of the experiment.
Hepatic delivery of murine G6Pase with an adenoviral vector has been reported in the G6Pase-knockout mouse model for GSD Ia. 28 Increased survival of the affected mice and decreased glycogen storage in liver were demonstrated. Improvements in the persistence of expression of introduced G6Pase will likely build upon this early result, possibly through the application of AAV vectors in the murine model for GSD Ia.
The effects of gene therapy with AAV vectors in the canine model are relevant to severe human GSD Ia. The initial characterization of affected puppies with GSD Ia revealed that their clinical abnormalities most closely resemble severe, neonatal onset GSD Ia in humans. 14, 29 The original three Maltese puppies with GSD Ia died between 5 and 8 weeks of age with poor growth and lethargy, and were found to have hepatomegaly and nephromegaly. 23 Prolonged survival has been accomplished with nutritional support and gene therapy in one of the affected puppies described here. However, residual effects of GSD Ia doubtlessly contributed to the abbreviated survival encountered in these experiments.
In this canine model we have replicated earlier results seen in mice following intravenous delivery of AAV vectors. Introduced protein (G6Pase in this work) was present at high levels starting at 2 weeks following vector administration. 5, 7, 31, 32 Liver DNA analysis demonstrated 1 to 5 copies of vector DNA per cell in the liver after 5 weeks following AAV vector administration. 3, 7, 27, 30 Vector DNA was present as head-to-tail, head-to-head, and tail-to-tail concatamers, as recently reported for AAV vectors in murine liver. 33 In this analysis the level of vector DNA varied markedly between samples from different locations in the liver. However, all liver DNA samples analyzed contained vector DNA by 5 weeks after vector administration. Further analysis of the anatomic distribution of AAV vector DNA could impact the feasibility of AAV vectors for liver-targeted gene therapy by systemic administration. The number of vector particles (8 × 10 11 to 7 × 10 12 per kg) administered was at or above the number used for liver-targeted delivery in the murine and canine hemophilia B models. 2 However, in the hemophilia B models the vector was administered via the portal vein to provide more efficient delivery to the liver. Targeted delivery of improved AAV vectors to the liver could achieve increased therapeutic effects in future trials of therapy for the canine GSD Ia model.
Materials and methods

Preparation of AAV vectors
We have constructed AAV vectors encoding canine G6Pase, containing the CMV immediate-early promoter/enhancer (AAV-CcG6PGH, not shown) or mouse albumin promoter/enhancer to drive G6Pase expression (AAV-AlbcG6PGH, Figure 1 ). In AAVCcG6PGH, the CMV immediate-early promoterenhancer drives canine G6Pase. In AAV-AlbcG6PGH, the mouse albumin promoter/enhancer (sequence NB in Ref. 34 ) drives G6Pase expression. A deletion of human growth hormone intron 4 sequence from AAVAlbcG6PGH(Ϫ) decreased the packaging size by 541 bp compared with AAV-AlbcG6PGH (Figure 1 ). We and others showed that the mouse albumin promoter/enhancer can produce high level expression of introduced genes from an AAV vector in mouse liver. 7, 33 The human growth hormone intron and polyadenylation sequence (pA in Figure 1 ) contained in these vectors further increased transgene expression in transgenic mice. 35 AAV vector stocks were prepared essentially as described. 36 Briefly, 293 cells were transfected with AAV helper plasmids containing the rep and cap genes (pMTRep and pCMV Cap), and an AAV vector plasmid. The adenovirus helper functions were provided by transduction with an (E1Ϫ, E2bϪ) adenovirus vector encoding ␤-galactosidase (for dogs P2 and V4) that does not replicate in 293 cells, 37 or by transfection with a plasmid containing the adenovirus E4orf6 gene (for P3). The AAV packaging plasmids contain the rep and cap genes driven by heterologous promoters, and do not typically generate detectable replication-competent AAV. 36 Cell lysate was harvested 72 h following infection and freeze-thawed four times, before precipitation with ammonium sulfate, pH 7.0, and subsequent cesium chloride gradient centrifugation and dialysis to remove the cesium chloride. 38 For purification of higher numbers of vector particles, the cell lysate from 200 plates was concentrated with a hollow fiber concentrator (CH2PR concentrator and S1Y100 cartridge; Amicon, Beverly, MA, USA). The number of vector DNA containing-particles was determined by DNase I digestion, DNA extraction, and Southern blot analysis as described. 33 Contaminating wt AAV particles were undetectable in recombinant AAV vector preparations by Southern blot analysis of extracted vector DNA (Ͻ1% of AAV particles). All viral vector stocks were handled according to Biohazard Safety Level 2 guidelines published by the NIH.
Gene Therapy
Polymerase chain reaction (PCR) analysis of mutation status
The point mutation at position 450 in the canine glucose-6-phosphatase cDNA eliminates an NcoI recognition site. 24 PCR amplification with primers flanking the mutation generated an 82 bp DNA fragment. Following NcoI digestion PCR fragments were electrophoresed on a 2.0% agarose gel. Digestion with NcoI generated 63 bp and 19 bp fragments in the normal dog, and did not cut 
Enzyme activity and glycogen analysis
Enzyme analysis was performed as described. 23 Briefly, tissues were flash-frozen and stored at Ϫ70°C. Specific G6Pase activity was measured by using glucose-6-phosphate as substrate after subtraction of nonspecific phosphatase activity as estimated by ␤-glycerophosphate. For normalized G6Pase activity, the mean G6Pase level for each sample was normalized to protein content. G6Pase activity was assayed three times independently for each sample. Each assay represented 50-100 mg liver from individual, approximately 2 g canine liver samples.
Phosphorylase was measured by the determination of inorganic phosphate released from 0.1 M glucose-1-phosphate in the presence of 1% glycogen and 2 mM adenosine monophosphate. Glycogen content was assayed by complete digestion of polysaccharide using amyloglucosidase (Sigma Chemical, St Louis, MO, USA). The structure of the polysaccharide was inferred by using phosphorylase free of the debranching enzyme to measure the yield of glucose-1-phosphate.
Statistical analysis
We performed statistical analyses using Stata (version 7.0, College Station, TX, USA). The regression analysis presented uses clustered regression technique. This technique accounts for the fact that the observations are not entirely independent of one another (multiple samples were taken from the same subject liver). Because there were a substantial percentage of zero values in the data, we evaluated the data using censored normal regression. The results were not substantially different from clustered regression (data not shown). We present a box and whisker plot (Figure 3c ). The 'boxes' for the plot show the median (middle line of the box), 25th% and 75th% (the interquartile range or the bottom and top of the box). The 'whiskers' represent 1.5 times the interquartile range.
Nutritional and gene therapy administration to affected dogs
At birth the puppies were weighed, photographed and sketched for initial identification. Jugular venipuncture was performed within the first 24-36 h for determination of blood glucose concentration and PCR analysis of mutation status. Physical examination was performed and all puppies were monitored every 2 h for nursing activity and neurologic reflexes. Body weights were obtained twice daily for the first 3 weeks of life. Puppies which were weak, hypoglycemic or which had obvious hepatomegaly were given supplemental formula at 1 ml per 100 g every 2 h (Esbilac, 60 ml (PetAg, Hampshire, IL, USA) with Polycose, 1.8 g (Ross, Columbus, OH, USA)). Once identified by genetic screening, affected puppies were allowed to continue to nurse until they showed overt clinical signs of hypoglycemia. At this time they received supplemental formula as described above. Affected puppies required hand rearing intermittently in a neonatal incubator, beginning as early as the first day of life. The incubator was equipped with temperature and humidity control, oxygen and anesthetic gas supply, and nebulizing chambers. Puppies with profound or refractory clinical signs or hypoglycemia, or intercurrent illness that precluded oral feeding were given additonal glucose in the form of 12.5% dextrose by subcutaneous, intravenous or intraosseous routes as required. The goal of nutritional intervention was to provide 12 to 14 mg/kg/min glucose in the form of glucose or cornstarch (the latter after 2 months of age). The composition of the diet was 65% carbohydrates, 15% protein and 20% fat, as recommended for human GSD Ia. 14 Postmortem evaluation was performed immediately after death, and selected tissues were fixed in 10% buffered neutral formalin or frozen at -80°C. Frozen sections of unfixed and fixed liver were stained with oil-red-O for fat and PAS for glycogen. The cause of death was related to complications of GSD Ia in each case, precipitated by a mild infection or other stressful event. Each puppy was hypoglycemic at the time of death, which occurred at the following ages: J5, 61 days; V4, 39 days; P2, 20 days; P3, 86 days; and D3, 27 days.
